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Abstract

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive
disease which leads to significant morbidity and mortality from
respiratory failure. The two drugs currently approved for clinical
use slow the rate of decline in lung function but have not been
shown to halt disease progression or reverse established fibrosis.
Thus, new therapeutic targets are needed. Endothelial injury and
the resultant vascular permeability are critical components in the
response to tissue injury and are present in patients with IPF.
However, it remains unclear how vascular permeability affects lung
repair and fibrosis following injury. Lipid mediators such as
sphingosine-1-phosphate (S1P) are known to regulate multiple
homeostatic processes in the lung including vascular permeability.
We demonstrate that endothelial cell–(EC) specific deletion of the
S1P receptor 1 (S1PR1) in mice (EC-S1pr12/2) results in increased

lung vascular permeability at baseline. Following a low-dose
intratracheal bleomycin challenge, EC-S1pr12/2 mice had
increased and persistent vascular permeability compared with
wild-type mice, which was strongly correlated with the amount
and localization of resulting pulmonary fibrosis. EC-S1pr12/2

mice also had increased immune cell infiltration and activation of
the coagulation cascade within the lung. However, increased
circulating S1P ligand in ApoM-overexpressing mice was
insufficient to protect against bleomycin-induced pulmonary
fibrosis. Overall, these data demonstrate that endothelial cell
S1PR1 controls vascular permeability in the lung, is associated
with changes in immune cell infiltration and extravascular
coagulation, and modulates the fibrotic response to lung injury.

Keywords: lung fibrosis; sphingosine-1-phosphate; sphingosine-1-
phosphate 1 receptor; vascular permeability

Idiopathic pulmonary fibrosis (IPF) is a
debilitating lung disease characterized by the

progressive loss of lung function as a result of
unrelenting scarring of the lungs. The overall

prognosis in IPF is poor, with an average
time to respiratory failure and death of
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3–5 years from the time of diagnosis (1). In
2014, two drugs, nintedanib and pirfenidone,
received FDA approval for patients with IPF
after clinical trials demonstrated that these
drugs slowed the rate of lung function
decline (2, 3). However, there remains a great
need for additional therapies that can halt
and ultimately reverse established fibrosis.
The development of novel effective
treatments hinges on improved
understanding of the biological processes
that produce fibrosis and the molecular
mechanisms that drive them.

IPF is believed to result from
dysregulated wound repair following lung
injury (4). One of the cardinal wound
healing responses after any tissue injury is
endothelial dysfunction, which leads to an
increase in permeability of the tissue
vasculature (5). There has been a long-
standing appreciation that IPF patients have
increased pulmonary vascular permeability,
with higher permeability indices associated
with worse outcomes (6). A study using
inhaled technetium 99 m-labeled
diethylenetriaminepentacetate (99 mTc-
DTPA) in patients with IPF demonstrated
increased clearance times of the
radiolabeled molecule, suggesting a
disruption of the alveolar capillary barrier,
which is associated with worse survival (7).
In a more recent study, MRI imaging of the
lung using an albumin-binding gadolinium
probe demonstrated increased albumin
extravasation in the lungs of patients with
IPF as compared with healthy control
subjects (8). Furthermore, electron
microscopy studies performed on
endothelial cells of alveolar capillaries in
patients with interstitial lung disease,
especially those with IPF, demonstrated
increased fenestration, which correlated
with the degree of interstitial fibrosis along
the alveolar walls (9).

One of the main pathways regulating
endothelial permeability is the interaction
of a bioactive sphingolipid, sphinogosine-
1-phosphate (S1P), with one of its cell
surface G protein coupled receptors
(GPCRs), S1PR1 (10). Interestingly, S1P
levels have been shown to be elevated in
serum and BAL fluid from patients with
IPF (11). However, S1P can interact with
five different receptors, S1PR1-S1PR5, on
multiple different cell-types, resulting in
different downstream effects. S1PR1 is the
predominant receptor on lung endothelial
cells, where the receptor can be activated
by both local autocrine signaling as well as

by circulating S1P. We have shown
previously that pharmacologic functional
antagonism of S1PR1 in mice, combined
with a low dose of intratracheal
bleomycin, resulted in exaggerated
vascular leak and increased pulmonary
fibrosis (12). However, S1PR1 is known to
play a critical role in lymphocyte
trafficking, and antagonism of S1PR1 on
lymphocytes may have contributed to the
development of pulmonary fibrosis in that
model. It has also been shown previously
that mice lacking plasma S1P have
increased vascular permeability at baseline
and in response to various edemagenic
stimuli (13). However, the specific role
that endothelial S1PR1 plays in the
development of injury-induced vascular
permeability and resultant fibrosis has not
been well defined. Therefore, we employed
a genetic approach to achieve an
endothelial-specific reduction in S1pr1
expression and to determine the specific
role that endothelial S1PR1 plays in
regulating endothelial permeability and
pulmonary fibrogenesis.

In these studies, we found that genetic
deletion of S1pr1 from endothelial cells
using an inducible Cre-recombinase
system in mice led to increased vascular
permeability even in the absence of lung
injury. Following lung injury, mice with
endothelial-specific deletion of S1pr1
showed further increases in vascular
permeability, as well as increased fibrosis.
Our findings suggest that agonism of this
specific ligand/receptor interaction on
endothelial cells might be a novel and
effective therapeutic strategy for the
treatment of pulmonary fibrosis.

Methods

Mice
Mice with the sphingosine-1-phosphate
receptor 1 (S1pr1) gene flanked by loxP sites
(S1pr1f/f) were provided by Dr. Jerold Chun
(14). They were crossed with mice that
express an inducible Cre recombinase under
an endothelial cell-specific promoter
(VECadherin-CreERT2), shared by Dr. Ralf
Adams (15). Both mice were on a C57BL/6
background. Littermates with the S1pr1 gene
flanked by loxP sites but lacking the
VECadherin-CreERT2 gene were used as
control animals. Mice were treated with 200
mg/kg tamoxifen (Sigma) by oral gavage for
2 weeks (10 doses, Monday to Friday)

beginning at age 4 weeks. Transgenic mice
that overexpress apolipoproteinM
(ApoMTg1) were developed and
characterized by Dr. Christina Christofferson
(16). Transgene-negative littermates were
used as control animals. All mice were
maintained in a specific pathogen–free (SPF)
environment certified by the American
Association for Accreditation of Laboratory
Animal Care. All protocols performed were
approved by the Massachusetts General
Hospital Institutional Animal Care and Use
Committee. All experiments used sex-
matched male and female mice at 8 to
12 weeks of age.

Gene Expression
Cells were sorted by flow cytometry and
identified as endothelial cells
(CD311CD45-Epcam-), epithelial cells
(Epcam1CD45-CD31-), or hematopoietic
cells (CD451CD31-Epcam-). RNA was
isolated from each cell group and
quantitative PCR (qPCR) was performed
to quantify S1pr1 expression. Primers
were obtained from MGH PrimerBank
(https://pga.mgh.harvard.edu/
primerbank/).

Single-Cell RNA Sequencing Data
Seurat (17) objects were generated from
single-cell RNA sequencing (scRNAseq) data
deposited inGene ExpressionOmnibus
accessions GSE135893 (18) andGSE136831
(19) with associatedmetadata. The subset
functionwas used to extract only cells
annotated as vascular endothelial cells (vEC).
Normalization was performed using the
NormalizeData function. vECweremerged
using the FindIntegrationAnchors and
IntegrateData functions with dims=1:50. To
identify vEC clusters, the top 3,000 transcripts
showing cell-to-cell variation were used in the
FindVariableFeatures functionwith the vst
option, and the resolution parameter of
FindClusters set to 0.2. UMAP, violin plot,
and dot plot visualizations were generated
using the functionsRunUMAP,DimPlot,
VlnPlot, andDotPlot. S1pr1 expressionwas
queried using theAverageExpression function
with features= “S1PR1”.

Flow Cytometry
Mouse lungs were digested using DNase and
Liberase (Sigma) to generate a single cell
suspension and then stained with fluorescent
antibodies. S1pr1 antibody (R&D) was used
to label S1pr1 expressing mouse lung cells.
To identify macrophage/monocyte
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subpopulations of lung cells by flow
cytometry, the following antibody panel was
used: CD45.21 (AF700) injected
intravenously prior to harvest, Viability
(APC-Cy7), Siglec F1 (PE), CD11c1

(BV605), MHCII1 (PE-Cy7), CD641 (APC),
Ly6C1 (PerCyP Cy5.5), CD1031 (BV421),
CD11b1 (BV396), Ly6G1 (FITC). To
identify lymphocyte subpopulations of lung
cells by flow cytometry, the following
antibody panel was used: CD45.21 (AF700)
injected intravenously prior to harvest,
Viability (APC-Cy7), CD31 (BV396),
NK1.11 (FITC), TCR-B (BV421), CD191

(PE), TCR-GD (PerCP-Cy5.5), CD41

(BV605), CD81 (PE-Cy7), FoxP31 (APC).

Immunoblotting
Proteins in whole lung lysates were resolved
by SDS-PAGE and then transferred to
polyvinylidene difluoride membranes using
the NuPAGE electrophoresis and transfer
systems (Life Technologies) under reducing
conditions. After blocking with 5% milk,
membranes were incubated with anti-S1pr1
antibody (H60) followed by horseradish
peroxidase-conjugated secondary antibodies
(Cell Signaling), and then visualized with
Amersham ECL chemiluminescent substrate
(GE Healthcare). Membranes were then
stripped and similarly re-probed for GAPDH
(Cell Signaling) as a loading control.
Densitometry of the immunoblots was
performed using Image J software (NIH).

Peripheral Blood Counts
Mouse peripheral blood was collected by
facial venous puncture. Blood was collected
in EDTA containing microtainer tubes (BD),
and complete blood count, including
leukocyte differential, was performed
through theMGHCenter for Comparative
Medicine Animal Laboratory.

Bleomycin-induced
Pulmonary Fibrosis
Fibrosis was induced by single-dose
intratracheal (IT) injection of bleomycin
(Fresenius Kabi) at a standard dose of
1.0 units/kg and also at a reduced dose of
0.5 units/kg, and quantified by measuring
hydroxyproline content, per our usual
methods (20).

Assessment of Vascular Permeability
Lung vascular permeability was assessed by
measuring BAL total protein concentration
and performing Evans blue dye assays by
published methods (12, 20), as described in

online supplemental methods. BAL total
protein quantification was performed using a
BCA assay (Pierce).

Histological Analysis and
Immunohistochemistry
After the right ventricle and pulmonary
vasculature were flushed with 10 ml cold
PBS, lungs were inflated with 10% buffered
formalin at 25 cmH2O for 15 minutes,
excised and fixed in 10% formalin for 24
hours, and then embedded in paraffin.
Paraffin-embedded 5-mm sections were
stained with hematoxylin and eosin or
Masson’s trichrome stains. FITC-Albumin
was injected by tail vein prior to euthanasia
of the animal. Bleomycin-treated mouse
lungs were inflated ex-vivo and fixed with 4%
PFA for 15 minutes prior to sectioning and
staining for S1pr1 (H60). Human lungs were
fixed with 10% buffered formalin per MGH
pathology protocol and processed in paraffin
prior to staining for S1pr1 (H60) and
VE-Cadherin (R&D).

Coagulation Studies
Extravascular coagulation was quantified
using a D-dimer ELISA assay (Asserachrom)
performed on BAL and lung tissue
homogenates obtained frommice after
intravenous flush of the pulmonary
vasculature with sterile saline.

Plasma Sphingolipid Quantification
Plasma was collected from wild-type mice at
0, 3, 7, 10, and 14 days after IT bleomycin
injection (1.0 units/kg) in EDTA containing
syringes and tubes. Mouse plasma was
quantified by mass spectroscopy analysis as
previously described (21). Plasma was
separately collected from patients with IPF
(n=30) and healthy volunteers (n=30) of
similar ages through theMGH Biorepository
of Interstitial Lung Diseases under an
institutional review board–approved
protocol with all subjects providing informed
consent. Human plasma was sent for S1P
quantification to Dr. Timothy Hla’s lab (22).

Human Lung Tissue Analysis
Through theMassachusetts General Hospital
ILD Translational Research Program, IPF
lung tissue was collected from patients
undergoing lung transplantation at time of
explant. Healthy lung tissue for control
subjects was collected from patients
undergoing lung biopsy for non-fibrotic
lesions. The excess tissue from around the
biopsy site was obtained for histology.

Statistical Analysis
Data are reported as mean6 SD. In all
experiments, differences between groups
were analyzed for statistical significance with
two-tailed Student’s t tests, using GraphPad
Prism software. P< 0.05 was considered
significant for all comparisons.

Results

Endothelial-Specific S1pr1 Deletion
Mice Are Viable and Phenotypically
Normal at Baseline but Have Increased
Pulmonary Vascular Permeability
Tamoxifen was administered by oral gavage
to S1pr1f/f3 VECad-CreERT2mice
beginning at 4 weeks of age to induce
deletion of the S1pr1 gene in endothelial cells
(EC-S1pr12/2 mice), and to S1pr1f/f

littermates as controls (14). To confirm cell-
specific deletion of S1pr1, fluorescence-
activated cell sorting was performed to
isolate CD311 endothelial cells, CD451

hematopoietic cells, and Epcam1 epithelial
cells. By qPCR, S1pr1mRNA expression was
reduced by 85% in endothelial cells from EC-
S1pr12/2 mice compared with control mice
(Figure 1A). Of note, S1pr1 expression was
not reduced in the other cell populations
examined, including hematopoietic cells,
which are known to express S1pr1,
confirming that VECad-CreERT2 is
endothelial cell–specific (Figures 1B and 1C).
In addition, we measured the surface
expression of S1PR1 on CD311 endothelial
cells by flow cytometry and confirmed
reduced protein expression in pulmonary
endothelial cells isolated from EC-S1pr12/2

mice (Figure 1D). Finally,
immunofluorescent staining of EC-S1pr12/2

mouse lungs and intact littermate control
lungs demonstrates reduced staining for
S1PR1 on VE-Cadherin (CDH5)1

endothelial cells (Figure 1E). Evans blue dye
assays demonstrated increased pulmonary
vascular permeability in EC-S1pr12/2 mice
compared with littermate controls (Figure
2A). However, these mice were viable and
phenotypically normal, and their lungs
appeared normal by hematoxylin and eosin
andMasson’s trichrome staining, suggesting
that under homeostatic conditions this
increased vascular permeability is well
tolerated (see Figure E1A in the data
supplement). Lymphocyte S1pr1 is required
for normal lymphocyte egress from
secondary lymphoid organs, and
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nonselective S1pr1 inhibition is known to
induce peripheral lymphopenia. Peripheral
blood lymphocyte counts were quantified
after tamoxifen administration and showed
that EC-S1pr12/2 mice had intact peripheral
lymphocyte counts (Figures E1B and E1C).

Standard-Dose Bleomycin Increases
Pulmonary Vascular Permeability in
Endothelial-Specific S1pr1
Deletion Mice
We administered a standard dose of
bleomycin (1.0U/kg) intratracheally (IT)
to induce lung injury. Seven days after the
bleomycin challenge, both control and
EC-S1pr12/2 mice showed an increase in
vascular permeability compared with Day
0 (baseline), but the EC-S1pr12/2 mice
showed exaggerated vascular permeability

compared with controls (Figures 2A and
2B). Additionally, EC-S1pr12/2 mouse
lungs appeared to have increased
intraalveolar edema fluid and fibrin
deposition, indicated by increased red
Masson’s trichrome staining on histology,
compared with littermate controls (Figure
2C). There was no change in collagen
content or fibrosis in the lungs of EC-
S1pr12/2 mice on Day 7 after standard
dose bleomycin (Figures E1D and E1E),
which suggests that the fibrotic response
was not accelerated by the increase in
permeability. There was increased
mortality in the EC-S1pr12/2 mice by Day
14 after standard-dose bleomycin
challenge (1.0 U/kg), which precluded our
ability to accurately assess fibrosis at Days
14 to 21 (Figure 2D).

Mice with Endothelial-Specific S1pr1
Deletion Have Increased Fibrosis in
Response to Low-Dose Bleomycin
Given the increased mortality in EC-
S1pr12/2 mice with the standard dose of
bleomycin, we tested a lower dose of
bleomycin (0.5U/kg). Despite the lower dose
of bleomycin, there was still an increase in
mortality in EC-S1pr12/2 mice compared
with littermate controls (Figure 3A), but
enough mice survived for 21 days to allow
for analysis. As an initial marker of injury
and vascular permeability after low-dose
bleomycin, total protein in the BAL fluid was
quantified at multiple time points. Both
control and EC-S1pr12/2 mice showed an
increase in BAL total protein after bleomycin
challenge; however, by Day 7, EC-S1pr12/2

mice showed significantly more BAL total
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protein compared with littermate controls,
and this persisted up to 21 days after
bleomycin challenge (Figure 3B). Histology
of the lungs at Day 21 demonstrated
increased fibrosis by hematoxylin and eosin
staining and increased collagen deposition by
Masson’s trichrome staining in EC-S1pr12/2

mice (Figure 3C). Fibrosis was quantified by
hydroxyproline assay at days 0, 7, 14, 21, and
42 after bleomycin challenge and was found
to be significantly increased in EC-S1pr12/2

mice at Days 14 and 21 compared with
littermate controls (Figure 3D). There was a
trend to increased fibrosis at Day 42 in
the EC-S1pr12/2 mice. Ashcroft scoring
also demonstrated increased fibrosis in
EC-S1pr12/2 mice at Day 14 and 21 as
compared with intact littermate controls
(Figure 3E). Low-dose bleomycin was
insufficient to induce fibrosis in the control
mice. However, the combination of
increased vascular permeability seen with

endothelial S1pr1 deletion and low-dose
bleomycin injury was able to induce
pulmonary fibrosis.

Vascular permeability co-localized
with fibrosis in mice lacking endothelial
S1pr1. Two weeks after IT bleomycin
challenge, when fibrosis had been
established, EC-S1pr12/2 mice and
littermate controls were injected
intravenously with FITC-labeled albumin.
Lungs were harvested, fixed, and sectioned
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sequentially. Lung tissue sections were
stained withMasson’s trichrome stain for
visualization of fibrosis and with anti-FITC
antibody for visualization of albumin
leakage. In EC-S1pr12/2 mice, albumin
extravasation was seen diffusely but was most
heavily concentrated in the perivascular
regions of the lung (Figure 4A). Interestingly,
in sequential slices, collagen deposition
colocalized in the perivascular regions where
endothelial barrier function was disrupted,
and permeability was increased.

Endothelial-specific S1pr1 deletion
leads to increased extravascular
coagulation. Intraalveolar and total lung
extravascular coagulation was quantified by
measuring D-dimer levels in the BAL and
lung tissue, respectively, of EC-S1pr12/2

mice and intact littermate controls. We have
previously shown that lung D-dimer levels
correlated with fibrin deposition, as
quantified by molecular imaging with
magnetic resonance imaging (MRI) (23).
BAL D-dimer was increased in both groups 7

days following low-dose IT bleomycin
challenge, but levels declined by Day 14 in
control mice, whereas in EC-S1pr12/2 mice,
D-dimer levels remained persistently
elevated at Days 14 and 21 (Figure 4B). A
similar increase in D-dimer levels was seen in
whole lung homogenates of EC-S1pr12/2

mice compared with intact littermate
controls at 7, 14, and 21 days after bleomycin
challenge. Interestingly, the lung D-dimer
levels of control mice did not show a
significant increase, demonstrating that a
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single low-dose injection of bleomycin was
insufficient to induce tissue coagulation in
the absence of impaired permeability
(Figure 4C).

Increased vascular permeability was
associated with reduced endothelial
junctional protein expression. S1P/S1PR1
signaling on endothelial cells induces
intracellular cytoskeletal rearrangements,
tethering actin cortical ring structures to
intercellular adherens junction proteins.
With the endothelial cell deletion of
S1pr1, we looked for changes in these
structural protein complexes that
regulate EC barrier function.
Immunoblotting for the adherens
junction protein VE-Cadherin showed a
reduction in protein levels in lung
homogenates from EC-S1pr12/2 mice at

Day 14 after IT low-dose bleomycin
compared with intact littermate controls
(Figure 4D). This fits with previous data
suggesting that S1PR1 is important for
both regulating assembly of the adherens
junction and also the expression of its
components (24) and supports the
hypothesis that EC barrier function was
disrupted in the EC-S1pr12/2 mice.

Increased immune cell populations in
the BAL of mice lacking endothelial S1pr1
after bleomycin. Flow cytometry was
performed on the BAL and lung tissue
collected from EC- S1pr12/2 and control
mice at Days 0 and 7 after standard dose to
look for differences in immune cell
infiltration in the context of increased
vascular permeability. Gating strategies are
shown in Figures E2A–E2B. Overall, there

was an increase in total cells in the BAL after
bleomycin challenge compared with baseline,
with EC-S1pr12/2 mice showing an even
greater increase compared with controls
(Figure 5A). In the BAL at Day 7, EC-
S1pr12/2 mice had preserved alveolar
macrophage numbers as compared with
controls and increased numbers of dendritic
cells, natural killer (NK) cells, monocyte
derived dendritic cells (DCs), inflammatory
monocytes, CD41 and CD81 T cells, and T
regulatory cells (Figures 5B–5I). There was
no difference in the number of B cells,
gamma delta T cells, eosinophils, and
neutrophils in the BAL between the two
groups of mice (Figures 5J–5M). There was a
reduction in the total number of cells in the
lung tissue at Day 7 after IT bleomycin
challenge with no difference in the number
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of cells between the groups (Figure E3A).
There was an increase in alveolar
macrophages in the lungs at baseline (Figure
E3B) and an increase at Day 7 in the
inflammatory monocytes in the lungs of EC-

S1pr12/2 mice compared with controls
(Figure E3C). There were no differences in
any of the other immune cell populations in
the lung tissue of mice at baseline or at Day 7
after IT bleomycin (Figure E4).

Endothelial S1pr1 deletion is
insufficient to induce fibrosis in the absence
of lung injury. Because increased vascular
permeability was observed in EC-
S1pr12/2 mice at baseline, we asked
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whether a persistent increase in
permeability could induce fibrosis by
itself, even in the absence of lung injury.
To address this question, tamoxifen was
administered to both EC-S1pr12/2 mice
and littermate controls, and then the mice
were maintained for 6 months. At this
time point, there was no difference in

overall health of the EC-S1pr12/2 mice.
The deletion of S1pr1 persisted at 6
months as measured by flow cytometry
(data not shown). There was no clear
histological evidence of pulmonary
fibrosis (Figure 6A), and quantification of
lung hydroxyproline levels confirmed no
change in lung collagen content in the EC-

S1pr12/2 mice relative to controls (Figure
6B). BAL total protein levels were similar
in EC-S1pr12/2 mice compared with
intact controls at baseline and 6 months
after tamoxifen (Figure 6C). Furthermore,
BAL and lung D-dimer levels were not
elevated in EC-S1pr12/2 mice compared
with intact controls (Figures 6D–6E).
These results demonstrate that increased
lung vascular permeability is well
tolerated under homeostatic conditions
and is insufficient to induce fibrosis in the
absence of lung injury.

Bleomycin-induced lung injury reduces
endothelial cell populations in the lung. We
were interested in whether bleomycin-
induced lung injury and fibrosis affected
S1P/S1PR1 expression in the mouse lung.
C57BL/6 wild-type (WT) mice were used to
assess S1PR1 expression levels in the context
of lung injury. Total lung S1PR1 expression
inWTmice was quantified over 14 days after
a standard-dose IT bleomycin challenge.
There was a reduction in S1PR1 protein
expression in lung tissue homogenates from
WTmouse lungs between Days 1 and 14
(Figure 7A). Flow cytometry was performed
on single cell suspensions of lung from
WT-naive mice at baseline and on Days 7
and 14 after IT bleomycin to compare
endothelial surface expression of S1PR1.
There was a decrease in CD311 cells after
bleomycin challenge (Figure 7B). However,
S1PR1 levels on individual CD311 cells were
increased after bleomycin, as seen by an
increased mean fluorescent intensity (MFI)
by flow cytometry (Figures 7C–7E). Thus,
the loss of S1PR1 protein expression appears
to be due to a reduction in total CD311

endothelial cells. It is not clear from this data
whether the endothelial cells have undergone
apoptosis or a phenotypic change as a result
of bleomycin injury, resulting in a loss of
CD311 surface expression. Endogenous S1P
ligand levels were also quantified in the
plasma ofWTmice over the 14-day time
course, and there was no difference in
circulating ligand (Figure 7F).
Immunofluorescent costaining for the
endothelial marker CDH5 and S1PR1 was
performed onWTmouse lungs harvested at
Days 0 and 14 after IT bleomycin. In the EC-
S1pr12/2 mice, the fibrotic regions had a
disrupted endothelial barrier, as noted by
reduced CDH5 expression (Figure 7G, white
box). These same regions had reduced S1PR1
staining. There was some noncellular
intraalveolar staining of S1PR1, which was
nonspecific, but one possibility could be
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apoptotic endothelial cells filling the
alveolar spaces.

Overexpression of plasma S1P
chaperone is insufficient to protect mice
from bleomycin-induced pulmonary
fibrosis. Given that blocking S1P/S1PR1
signaling by knocking out S1PR1 expression
led to increased vascular permeability and
fibrosis in the IT bleomycin model, we next
asked whether enhancing S1P/S1PR1
signaling could have protective effects. Mice
that overexpress an S1P chaperone protein,
apolipoprotein M (ApoM) (ApoM Tg1)
(16), have been shown to be protected in a
liver model of fibrosis (25). In addition,
plasma from these mice has been shown to
prevent acid-induced fibrosis in the lungs of
aged mice (26). We treated ApoM Tg1 mice
with a standard-dose IT bleomycin, assessed
vascular permeability at Day 7 after IT
bleomycin injury, and found no difference
between the ApoM Tg1 mice and controls
(Figures 8A–8B). Total protein levels in the
BAL fluid at Day 14 were compared, and no
difference was found between the ApoM
Tg1 mice and controls (Figure 8C). Mouse
lungs were stained for collagen deposition
withMasson’s trichrome staining, and
patchy areas of fibrosis were noted in both
ApoM Tg1 mice and controls (Figure 8D).
Pulmonary fibrosis was quantified by
hydroxyproline assay at Day 14 after IT
bleomycin, and there were no differences in
fibrosis between ApoMTg1 and control
mice (Figure 8E). We confirmed that ApoM
Tg1 mice had threefold higher circulating
levels of S1P in the plasma as their littermate
controls at baseline, and despite a persistent
increase at both Days 7 and 14 after IT
bleomycin, there was no protection from
vascular permeability at Day 7 or fibrosis at
Day 14 in the bleomycin model (Figure 8F).

Human single-cell RNA sequencing
data and IF staining validates mouse
studies. Tissue frompatientswith IPF and
healthy control patientswas co-stained for
CDH5 and S1pr1 (Figure 9A). Similar to the
bleomycinmouse images, we found areaswith
reducedCDH5 staining and S1pr1 staining in
the lungs of patientswith IPF as compared
with normal healthy controls, and these areas
appeared to be themorefibrotic regions
(Figure 9A,white box). Interestingly, S1P
levels fromplasmaof patientswith IPFwere
increased comparedwith levels fromplasma
of healthy control patients (Figure 9B). Two
recent single-cell RNA sequencing papers
profiled cells in the lungs of patientswith IPF
at the time of lung transplantation (18, 19).

From these data (GSE135893,GSE136831),
we extracted cells annotated as vascular
endothelial cells (vEC) andperformed
clustering using Seurat (17). Five vEC clusters
emergedwith correspondence to populations
described byTravaglini and colleagues (27) as
arterial (Art;DKK21), venous (Vn;CPE1),
peri-bronchial (Bronch;PLVAP1), capillary
(Cap; IL7R1), and capillary-a (Cap-a;
EDNRB1) (Figure E6). Analysis of S1pr1
transcript levels revealed reduced expression
in IPF, specifically in the two subtypes of lung
capillary cells, Cap andCap-a (Figure 9C).

Discussion

Pulmonary fibrosis is thought to result from
aberrant wound healing responses to
repetitive lung injury. Increased vascular
permeability is a critical component of
wound healing following injury (5). There is
growing evidence demonstrating a
correlation between increased vascular
permeability in the lungs and the
development of pulmonary fibrosis (28);
however, a causal relationship has not been
established. In the studies presented here, we
demonstrate that genetic disruption of
endothelial S1pr1 expression led to an
increase in vascular permeability and
exacerbation of the fibrotic response to
bleomycin-induced lung injury. We also
found increased immune cell infiltration in
the BAL fluid of EC-S1pr12/2 mice and
increased intraalveolar coagulation with
increases in D-dimer in both the BAL fluid
and the lung tissue. Our data support the
hypothesis that persistent vascular
hyperpermeability could promote
fibrogenesis rather than normal wound
repair and suggests that targeting vascular
permeability could be an effective and novel
therapeutic strategy for pulmonary fibrosis.

Signaling of the bioactive lipid S1P
through its various GPCRs, S1PR1–5, has
been implicated in the development of
pulmonary fibrosis (12, 22, 29, 30). S1P levels
have been shown to be elevated in serum and
BAL fluid from patients with IPF (11). Mice
deficient in endothelial S1PR1 have recently
been shown to have increased vascular leak
and pulmonary fibrosis after hydrochloric
acid injury (26). In addition, one of the
enzymes that generates S1P, sphingosine
kinase-1 (SPHK1), was found to have
elevated levels in the lung tissue of patients
with IPF (11). In another aptamer-based
proteomics analysis, SPHK1 was one of the

top 10 most significantly up-regulated
proteins in the serum and BAL of patients
with IPF (31). In contrast, global, fibroblast-
specific, and epithelial-specific SphK1
deletion mice all showed reduced fibrosis
after IT bleomycin (29, 32). However, mice
deficient in SphK1 in endothelial cells had
increased lung injury and fibrosis after
bleomycin challenge (32).

Patients with IPF have increased
pulmonary vascular permeability as
quantified by protein permeability
indices, and the degree of permeability
correlates with mortality (6). Studies
using inhaled 99mTc-DTPA have also
shown increased permeability in the lungs
of IPF patients (7, 33). Recently, we
demonstrated that IPF patients have
increased vascular permeability as
measured by extravasation of an albumin-
labeled gadolinium probe using lung MRI
(8). It is interesting to note that the
patients in this MRI study were imaged
during the routine course of their disease
and not during acute exacerbations,
suggesting that an underlying increase in
vascular permeability in patients with IPF
may contribute to the progressive
development of fibrosis.

In the studies presented here, we found
that disruption of endothelial S1P/S1PR1
signaling leads to increased vascular
permeability. This defect in endothelial
barrier function is present at baseline but is
exacerbated in the context of lung injury.
This fits with previously published data that
S1P signaling through its G-protein coupled
receptor (GPCR) S1PR1 at the cell surface
reduces vascular permeability through the
establishment of subsurface cortical actin
rings which enhance intercellular junctions
and barrier function (10, 34, 35). Indeed, the
administration of S1P in a mouse model of
acute lung injury was able to reverse
lipopolysaccharide (LPS) induced vascular
leak (36). We demonstrated previously that
administration of the S1P receptor
modulator FTY-720 in conjunction with a
very low dose of IT bleomycin resulted in
increased vascular permeability and
subsequent pulmonary fibrosis (12). The
mechanism of functional antagonism seen
with FTY-720 involves the phosphorylation
and ubiquitylation of S1PR1 following
binding with FTY-720. This ubiquitylation
targets the S1PR1 receptor for degradation
rather than its normal recycling back to the
cell surface of the endothelial cell, which is
seen after endogenous binding of S1P (37).
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We also demonstrate that endothelial-
specific deletion of S1pr1 leads to
exaggerated pulmonary fibrosis after low-
dose IT bleomycin challenge. This is
associated with increased coagulation in the

lung and airspaces following injury and an
increase in immune cell infiltration at one
week after injury in the EC-S1pr12/2 mice.
IPF patients have also increased intraalveolar
coagulation as quantified by BAL tissue

factor levels (38). Intraalveolar coagulation
leads to fibrin deposition, which provides a
provisional matrix in the alveolar space upon
which collagen deposits andmatures,
creating more permanent fibrotic scars. In
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this study we found increased D-dimer levels
in the BAL and lung tissue of EC-S1pr12/2

mice after low-dose bleomycin challenge. We
have previously shown that D-dimer levels in
the lung tissue correlate with fibrin
deposition identified by molecular imaging
using a fibrin-targeted contrast agent for
MRI (23). Furthermore, we have
demonstrated that leakage of procoagulant
proteins such as thrombin into the alveolar
spaces contributes to fibrosis through other

mechanisms beyond facilitating matrix
deposition. In addition to its procoagulant
functions, thrombin signals through the
protease-activated receptor-1 (PAR-1)
receptors on alveolar epithelial cells to induce
avb6 integrin expression, also on epithelial
cells, and ultimately drives TGFb activation
on fibroblasts (23). Therefore, vascular
permeability in the context of lung injury
permits the leakage of prothrombotic and
profibrotic mediators into the alveolar

spaces, where they are normally not present
at high concentrations. Similarly, vascular
permeability in the context of injury permits
the leakage of profibrotic immune cells into
the alveolar spaces. Although
immunosuppressive medications have thus
far failed to demonstrate clinical efficacy in
IPF patients, recent studies have shown that
both the innate and adaptive immune system
play roles in promoting pulmonary fibrosis
(39). Macrophages have been shown to
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produce soluble mediators such as TGFb,
which activate fibroblasts. Increases in T cell
subsets and activation have been shown in
lung tissue and BAL from patients with IPF
(12, 40). These data suggest that the
increased permeability induced by disrupted
S1pr1 signaling facilitates a pro-fibrotic
environment by allowing the influx of both
immune cells and profibrotic proteins into
the airspaces.

In addition to the effect that
permeability has on extravascular
coagulation and immune cell infiltration,
evidence has been accumulating that
endothelial defects are linked to other
established mechanisms of fibrogenesis. For
example, it was recently shown that aged
mice who have undergone lung injury with
hydrochloric acid have increased vascular
permeability, but also decreased regeneration
of alveolar type 1 cells, decreased
proliferation of alveolar type 2 cells, and
increased myfibroblast activation (26). The
hypothesis from this data was that increased
permeability in the context of injury allowed
profibrotic mediators to enter the lung and
activate perivcascular fibroblasts. In addition,
given the beneficial effect on epithelial cell
repair after injury, there may be cell–cell
interactions that are affected indirectly by
S1P/S1PR1 signaling in the endothelium.

We saw a reduction in total CD311

endothelial cells and total S1PR1 protein
expression in the lungs ofmice after
bleomycin lung injury. This is consistent with
results shown by others inmousemodels of
lung injury and fibrosis. It was recently
demonstrated that aging suppresses
endothelial S1PR1 expression, which is
associated with increased fibrosis after acid
injury (26). Consistent with our results, in
addition, this group demonstrated that EC
S1PR1 knockoutmice have increased vascular
permeability and fibrosis after hydrochloric
acid–induced lung injury as compared with
intact littermate controls, mirroring the effect
of aging.We also saw an increase in S1P levels
in the plasma of patients with IPF as
comparedwith healthy controls, which is
consistent with previously published data
(11).We did not see the same increase in the

bleomycinmodel, which differs from
previously published data, and could be
explained by ourmeasurements in plasma as
comparedwith previouslymeasured levels in
lung tissue, or by differences in bleomycin
dose (29). Using recently published single cell
RNA sequencing data, we found decreased
S1pr1 expression in two types of capillary
endothelial cell populations.We also
demonstrated this by immunoflouresnce
using tissue from explanted lung of IPF
patients.

Interestingly, EC-S1pr12/2 mice
without lung injury did not have increased
fibrosis even up to 6 months after deletion,
despite ongoing enhanced vascular
permeability. This supports the concept
that increased vascular permeability alone
is not enough to promote fibrosis without
a second injury stimulus. Our data suggest
that the integrity of the vasculature is an
important factor in determining whether
the tissue environment is profibrotic or
not. In this case, increased permeability
alone, or low-level bleomycin alone, were
both inadequate to promote fibrosis, but
the combination exaggerated the fibrotic
response to injury. It may follow that some
patients have a defect in vascular integrity
that predispose them to fibrosis in the
context of a low-level injury, such as from
inhaled toxins or viral infections. An
additional hypothesis has been explored
recently demonstrating a reduction in S1P/
S1PR1 signaling and ApoM production
with aging in mouse models of pulmonary
and liver fibrosis (26).

We used ApoMTg1 mice in these
studies, which had threefold increased
circulating S1P, but did not demonstrate
protection against fibrosis in the context of
bleomycin lung injury. These data suggest
that elevating circulating S1P levels alone is
insufficient to protect against fibrosis in the
context of a severe lung injury such as
bleomycin. There are several possible
explanations for this, including the possibility
that there is already saturation of S1P/S1PR1
interactions, such that further augmentation
of circulating S1P levels does not increase
S1PR1 activation further. It is also possible

that ApoM Tg1 mice are adapted to higher
S1P levels, or other EC protective pathways,
such as Angiopoietin/Tie2 signaling, may
need to be engaged as well. Another potential
explanation is that bleomycin suppresses
autocrine S1P signaling, including SphK1,
Spns2, and S1pr1 pathways. Alternatively, S1P
may have profibrotic effects on other cell
types, such as fibroblasts, so although there
may be a barrier protective effect of S1P on
endothelial cells, the net result of increased
circulating S1P is not antifibrotic (41).While
these results are interesting, they do not
necessarily mean that therapeutic dosing of
an S1PR1 agonist will be ineffective, and the
potential of S1PR1 agonism as a therapeutic
target should be further studied.

There are several S1PR1 modulators
currently available, with many of them
appearing to function as functional
antagonists of the receptor with prolonged
exposure (37). However, our data would
suggest that agonism of S1PR1 through
enhanced expression or function on
endothelial cells could be a novel and
effective antifibrotic strategy. Further
studies are needed to investigate the role
of sphingolipid signaling and S1PR1
receptor expression in IPF patients and to
determine the therapeutic potential of
receptor agonism in the clinical setting. In
addition, our data supports an important
link between the endothelium and the
development of pulmonary fibrosis.
Specifically, targeting endothelial injury
and vascular permeability may have the
ability to provide a novel therapeutic
strategy for IPF and for other fibrosing
diseases, especially those induced by acute
injury such as post-acute respiratory
distress syndrome fibrosis.�
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